INTRODUCTION
The interpretation of fluctuations in body weight and changes in the state of hydration requires a knowledge of the total amount of water in the organism. This investigation has been directed towards the perfection of a method for measurement of the total body water in the human subject.
The increasing availability and lowered cost of both stable and radioactive isotopes has made possible study of the total amount of liquid and solid 1 bodily constituents by isotope dilution. The general principles involved and their application to the human subject have been documented (1) (2) (3) (4) . In the present study heavy water has been employed to determine the total body water in 17 adult male subjects and 11 normal females by isotope dilution. The term "total body water" is used throughout this paper to denote the equilibrium volume of dilution of heavy water, for lack of a better term. The minor extent to which this volume may differ from the actual water content is considered in detail in a subsequent section.
The ideal substance for total body water determination should be "tracer water" which is diffusible into all the fluid compartments of the body within a short time, reaching a stable uniform equilibrium at which its concentration can be measured. It should not be selectively stored, secreted or metabolized and should be exchangeable completely with water. There should be no toxic manifestations or physiologic effects from the tracer itself.
As pointed out by Hevesy and Hofer in 1934 (1, 2) , the stable hydrogen isotope deuterium (mass 2) should be such an ideal substance.
Deuterium oxide (heavy water) forms an ideal solution with water (5, 6) and available evidence indicates that it is not affected selectively by any of the bodily secretory or metabolic processes in the dilute solutions used (1, 2) . Desiccation studies in animals have established the fact that the volume of dilution of deuterium oxide corresponds closely to the total body water (3, 7, 8) . The present availability of *radioactive tritium (mass 3) makes the use of this isotope promising (9) , although the half-life of 12 (10) and Mitchell and associates (11) give a value of 67.85%o in a case of congestive heart failure, while 75%o was found in a stillborn infant (12) . Indirect methods for body water measurement have included the use of urea, thiourea, sulfanilamide, potassium, and others (13) (14) (15) (16) (17) (18) as reviewed by Pace (9) but, with the exceptions of deuterium and tritium, none is wholly satisfactory. From the relation between water and electrolyte intake and output, Lavietes and colleagues (19) calculated a body water value of 70% in the subject of a balance study. Recent studies by Soberman and co-workers (8) have used antipyrine to measure total body water. This substance is inexpensive and is measured easily with a spectrophotometer (20) but has the disadvantages that it is metabolized in significant amounts, is bound selectively by protein and equilibrates slowly with fluid accumulations. These factors may be measured; a correction may be applied; and an estimation of total body water may be achieved.
The limit of accuracy using either deuterium oxide or tritiated water has been reported to be within 10% (9) . Since most pathological changes occur within the limit of 10% of body water (about 5 L.) measurement of changes in total body water incident to the ordinary acute derangements of medicine and surgery would not be clinically significant in this range of error; fatal dehydration, if rapid, could occur within the error of the method.
B. Purpose and Scope of the Present Study Our first objective has been to study a number of normal subjects in order to obtain a valid figure for total body water in a homogeneous group of healthy young adults.
Our second purpose has been to correlate total body water with other metabolic and anthropometric indices, including total exchangeable potassium, using K'2, thiocyanate phase, plasma volume, surface area and body weight. A detailed description of methods used for physical and metabolic measurements is given elsewhere (21) .
Thirdly, we have observed the deuterium equilibration time, equilibrium curve, and the biological half-life of deuterium in the human, as observations ancillary to its equilibrium volume of dilution. An interpretation of the significance of these results in body water metabolism is offered.
To accomplish the above three objectives we have used a technique for the injection and measurement of D20 which is sufficiently accurate to give us clinically significant information. The accuracy of the densimetric method used for D20 analysis is defined both by repetition and by comparison using a second measurement technique, in this case the mass spectrometer. The falling drop method used herein is a modification of that proposed by Keston, Rittenberg and Schoenheimer (22) and others (23) (24) (25) . It achieves a physical precision and an over-all biological accuracy which is still short of perfect but adequate for clinical interpretation. Method will be dealt with only briefly here. The exact laboratory details of purification, densimetric and spectrometric analysis are to be described separately (26, 27) . The natural abundance of deuterium is 0.0149% (28) and is approximately the same in water and naturally occurring organic substance (29, 30 (31) and this amount (90 cc.) was filtered through an ultrafine sintered glass filter before transferring, using aseptic technique, to an Erlenmeyer flask containing 0.70 gin. NaCl. The heavy water solution was administered by pouring into an infant infusion set and by washing out the solution quantitatively with normal saline as the mixture was infused intravenously into the subject. The flask was weighed to 0.1 gm. before and after emptying.
After infusion, blood samples for total body water determinations were taken at least every 30 minutes for several hours. In some instances they were drawn more often or over a longer period in order to examine the characteristics of the early and late curves. The whole blood was allowed to clot, and the serum was separated, ampuled, and frozen at -150 C. until analyzed. 3 . Preparation of standards and purification of samples. Standard solutions are a limiting factor in the accuracy of the method. These solutions were made up by careful preparation of a stock solution by weighing, followed by volumetric dilution to a linear set of standards for the final measurements.
Using Pyrex glassware modified for our purposes from that originally proposed by Keston and associates, and Fetcher (22, 25) , the serum was vacuum-distilled twice, and the condensates were collected in traps immersed in dry ice-alcohol baths. Using a manifold Pyrex closed vacuum system 12 samples may be purified simultaneously in one hour. Because of the nature of the interfering substances present, comparable precision using urine as the starting material has not as yet been obtained with the falling drop method. The mass spectrometer has been used in this study for the measurement of deuterium concentration in both urine and plasma. 4 . Measurement of deuterium concentration by density. The ideal method for deuterium measurement should be adaptable to a clinical laboratory, yet should afford the accuracy which is essential to the interpretation of the results obtained. The falling drop technique, which measures the relative density, has been found to fulfill these criteria, and duplicate determinations by the mass spectrometer indicated that a comparable degree of accuracy was achieved.
The falling drop apparatus consists of a temperature bath in which the temperature is kept constant to ± 0.001°C
. by a sensitive mercury thermo-regulator and an electronic thermo-relay. Immersed in this bath, with an inner chamber surrounding it, is a graduated tube filled with orthofluorotoluene, an organic liquid which is immiscible with water and has a slightly lower density at 270 C. A run in triplicate and suitable precautions were taken to avoid "memory" and fractionation. Determination of the 3: 2 mass ratio was made with a Nier type 600 tube mass spectrometer. Standard solutions were prepared as described and the preparation of a calibration curve made it possible to read the deuterium concentration in "atom %" from the graph after obtaining a 3: 2 mass ratio for the unknown. "Vol. % D20" in excess of our determined values for natural abundance8 (0.015 atom %) is calculated from "atom % D" excess as follows:
where:
vol. % D20 = -
+09
A 1 atom % D -0.0150 100 Details of the mass spectrometric method form the subject of a separate presentation (27) .
6. Calculation of total body water. The isotope dilution principle was used to calculate total body water according to the equation: V2 -Volume of water into which injected D20 diffuses at equilibrium (total body water). A figure for excreted heavy water of 0.4% of the injected dose in the first two hours was used throughout. This includes an estimate of insensible loss plus the measured urine loss.
7. Accuracy. Since the volume of the injected D20 is small, and the dilution factor is large, it is apparent that a relatively small error either in the administration of the D20 or in the collection and analysis of the sample will introduce a large error in the final result.
The accuracy of the determination increases in proportion to the amount of D,0 administered. It has been found that injection of 90 cc. gave a serum concentration of about 0.2%, which was convenient to measure, provided sufficient accuracy, and was not prohibitively expensive. It is possible to use a 45 cc. dose with some sacrifice in precision.
In the average adult a change of less than 0.8 L. of body water is not apt to be significant biologically. Serial analysis of samples with the mass spectrometer has been found to have a standard deviation of 0.0005 vol. % at a concentration of 0.368 vol. % (27) (26, 27) .
From Table I it can be seen that in the six subjects in which duplicate analyses were made with the falling drop and mass spectrometer techniques total body water determinations as per cent of body weight agreed within 1.0 %.
B. Results 1. Total body water
Since serial determinations of serum heavy water concentration indicated that equilibrium had been obtained in two hours, this two hour value was used to calculate the volume of dilution of the injected heavy water (Figure 1 ). In 17 normal adult males (Table I) A time interval of one week to four months elapsed between the determination of total body water and plasma volume in these cases. difference between the total body water and the thiocyanate volume; hence it is subject to the errors of these two measurements.
Body water, expressed as liters per liter of oxygen consumed per hour, has a coefficient of variation of 5.9%o in the male group and 6.6%o in the female group. This fairly close correlation may be another indication of the constancy of the relation between total body water and lean body mass.
EXAMINATION OF UNDERLYING PRINCIPLES
A. Deuterium Oxide as a Water Tracer That heavy water in dilute solutions represents a suitable tracer substance for water in the animal and human body might be expected from the fact that D20-H20 forms an ideal (5, 6) (35) . Owing to these exchanges, which occur rapidly, the injected deuterium will be diluted into a volume larger than that of the body water alone, resulting in an equilibrium deuterium concentration lower than that which would be observed in the same volume of water in vitro. In order to estimate the magnitude of this factor it is necessary to consider protein, fat and carbohydrate separately, since they contain varying amounts of exchangeable hydrogen.
If it is assumed that proteins comprise 15% of body weight (36) the protein H atoms will then amount to approximately 0.9.o of the body weight.
In proteins it has been found that 5-14%'o of the H atoms are readily exchangeable (37) (38) (39) . The exchangeable hydrogen will, therefore, be 0.1%o of the body weight, corresponding to a water volume of about 1%o of body weight.
In carbohydrate about 42%o of the hydrogen atoms will exchange immediately (40) but the total body carbohydrate is only 300-40 gm., containing about 35 gm. of hydrogen, of which only 15 gm. are exchangeable, corresponding to a water volume of somewhat less than 150 cc. or about 0.2%o of body weight.
The rapidly exchangeable hydrogen of fat is negligible in amount.
The above values are all based on animal or in vitro experiments. It will be appreciated, however, that the "D space" or "total exchangeable hydrogen" is about 0.5-1.5%7 of body weight larger than total body water. Reasoning on the basis of similar data Hevesy and Jacobsen (41) estimated the exchangeable hydrogen to have a water equivalent of 0.5-2.0%o of the body weight. This is of little moment in body water measurement but is of course of great importance in considering D uptake or synthesis into organic substances. When organic substances are synthesized in the presence of heavy water, the deuterium atoms will be built into the new molecules in an amount proportional to their concentration in the body water. Since these deuterium atoms are fixed in a stable position, the amount of deuterium incorporated into such organic substances may be measured, and by appropriate means the location of the D atoms in the organic molecules may be determined. These principles have been applied to the study of intermediary metabolism by Schoenheimer (36) , Ussing (42) , Stetten (43) and others.
C. Toxicity of D20
The toxicity of deuterium oxide in very high concentrations in mice was studied originally by Hansen and Rustung (44) and later by Barbour and his group (45) in this country. In our labo-ratory the fact was confirmed that 100% deuterium oxide is lethal to mice within a week if no other source of water is available. Development of typical central nervous system symptoms, weight loss, and an apparent terminal hypometabolic state were the characteristic features. These effects were only apparent in mice when very high concentrations of heavy water were administered, and when the serum D20 concentration in the organism reached a value of about 25%o.
Since 100 gm. of D20 in the human produces a serum concentration of only 0.2%o, it is apparent that the amount used is far below the toxic level. No ill effects have been observed following D20 administration to either-normal subjects or to sick patients.
THE PHENOMENA OF DEUTERIUM EQUILIBRIUM
A. Equilibrium after Injection or Ingestion 1. Equilibrium with venous blood serum. After intravenous injection, equilibration of the heavy water with body water occurred within two hours as can be seen from typical curves of the deuterium concentration in venous blood serum (Figure 1) . The concentration at two hours was used to calculate the total body water and the average equilibrium time in this series was one and onehalf hours. During this equilibrium period, heavy water must mix with the blood, traverse the capillary membrane, mix with extracellular and intracellular water, exchange with free H groups, and reach equilibrium with water stores such as the cerebrospinal fluid and intestinal contents.
In some instances apparent equilibrium was attained much more rapidly than in others; occasionally a positive slope was observed (Figure 1) . Half of the subjects reached equilibrium in one hour and all had equilibrated within two hours. In order to check the time of equilibration, the one hour value was set arbitrarily at 100 and the two and three hour values were then calculated as 98.6%o and 98.2% of the one hour figure, respectively.
2. Equilibrium after oral and subcutaneous administration. In Figure 2 is shown the venous serum curve after oral ingestion and Figure 3 depicts the curve after subcutaneous injection. Due to more gradual absorption into body fluids from the subcutaneous site, equilibrium is attained with an upward slope and with less fluctuation than after oral ingestion. The The high concentration at one-half hour indicates that the rate of gastric absorption is faster than the rate of distribution of water throughout the body. of deuterium oxide with body fluids both after oral ingestion and subcutaneous injection is about three hours. This represents a delay of one to one and one-half hours for equilibration when compared to that which follows intravenous injection of heavy water. The time curve of heavy water concentration in serum after oral ingestion has a peak at 30 minutes. This indicates that water absorption from the gastrointestinal tract proceeds at a faster rate than the distribution of water throughout the body water. It can be inferred that with the ingestion of large amounts of water, excretion may take place before complete internal equilibrium has occurred.
3. Secretion of DsO in gastric juice. Gastric juice deuterium concentration was studied in two subjects. The results of one are shown in Figure  4 , which indicates a rapid equilibration in which gastric juice deuterium concentration is greater than simultaneous venous blood ten minutes after intravenous injection. It can be concluded that the rate of transfer of deuterium into the gastric juice is faster than the rate of distribution of heavy water through the limb of this subject. Ex- tension of a study such as this would make it possible to calculate the rate constant for transfer of hydrogen into the gastric juice in normal and pathologic states. 4 . Secretion of D,O in cerebrospinal fluid. In one experiment, the concentration in the cerebrospinal fluid two and one-half hours after intravenous injection was found to be 0.209 vol. %o with a corresponding serum concentration of 0.203 vol. %Yo. Additional study of this transfer is in progress.
5. Plasma-urine relationships. Simultaneous determinations of deuterium concentration in plasma and urine were made with the mass spectrometer. Analyses of blood and urine after body water equilibrium had been reached showed identical values (Table III) . The "mass effect" in the transport of heavy water through the kidneys is additional evidence for the usefulness of deuterium oxide as a tracer for water. In studies of total body water and water turnover, urine samples can be used for deuterium oxidle analyses after equilibrium has occurred.
6. The late disappearance curve. The disappearance of D20 was studied by taking samples up to 40 days after intravenous administration. The shape of the gastric concentra higher peak and steeper descending lir rapid rate of transfer of D20 into th into the extravascular fluid of the li In patients with a constant total body water, "K" is the proportion of total body water exchanged per day (46, 47) . In Table IV After this injection of 100 cc. of 99.8% D20, the injection mass is carried to the lungs where it is diluted in the small extravascular phase of lung tissue. Still at high concentration, it is then transported to the left heart whence it starts its arterial journey to the body water with which it exchanges and mixes. The decreasing concentration in arterial blood under such circumstances, therefore, exhibits a character defined by the system of fluid compartments and membranes across which deuterium exchange occurs prior to equilibrium.
From these data it appears that the rate constant for distribution of water in the extremities must be appreciably slower than that for other large areas in the body. The arterial concentration remains elevated because of the continuous contribution to the right heart of high-deuterium venous blood from other (presumably visceral) areas. Studies are in progress to derive comparative data for rates of distribution of water into the various tissues and organs of the body.
In Figure 7 the arterial deuterium oxide concentration up to 60 minutes after injection is plotted on linear coordinates. In Figure 8 , the same data are plotted on a semi-logarithmic scale, and by subtraction two straight lines are obtained. Figure 6 ) and the other two of which have decay constants (xi and x2) as shown. into and out of body water areas until sufficient data are obtained to establish the nature of the rate determining boundaries for water. Such experiments now in progress will be reported separately. SUMMARY 1. Analysis of the serum deuterium oxide concentration by a double vacuum distillation and densimetric determination with the falling drop apparatus proved to be a precise analytic procedure and checked well with duplicate determinations done on the mass spectrometer.
2. Total body water was determined by deuterium oxide dilution in 17 normal male subjects with a range of 55.9%o to 70.2%o and an average value of 61.8% of body weight. Eleven normal females ranged from 45.6% to 59.9%o with an average of 51.9%, or 9.9% less than the males. These total body water figures have a precision of + 800 cc. or ± 2% of total body water in a normal adult.
3. Of the physical indices studied, total body water was correlated most closely with surface area and oxygen consumption. 4 . After intravenous injection of D20, equilibrium in body water as measured by venous blood serum is attained within two hours.
5. The dynamics of deuterium equilibrium, involving intravenous, oral and subcutaneous administration and a study of the early arteriovenous deuterium differences, is described. 6 . The half-time for heavy water in the adult human body is 9.3 + 1.5 days.
7. Preliminary results from the study of deuterium oxide equilibration by analysis of arterial blood samples soon after intravenous injection of heavy water consistently revealed a double exponential curve.
